M 2 Mn 3 O 8 (M=Ca 2+ , Cu 2+ ) compounds were synthesized and characterized in lithium cells. The M 2+ cations, which reside in the van der Waal's gaps between adjacent sheets of Mn 3 O 8 4-, may be replaced chemically (by ion-exchange) or electrochemically with Li. More than 7 Li + /Cu 2 Mn 3 O 8 may be inserted electrochemically, with concomitant reduction of Cu 2+ to Cu metal, but less Li can be inserted into Ca 2 Mn 3 O 8 . In the case of Cu 2+ , this process is partially reversible when the cell is charged above 3.5 V vs. Li, but intercalation of Cu + rather than Cu 2+ and Li + /Cu + exchange occurs during the subsequent discharge. If the cell potential is kept below 3.4 V, the Li in excess of 4Li + /Cu 2 Mn 3 O 8 can be cycled reversibly. The unusual mobility of +2 cations in a layered structure has important implications both for the design of cathodes for Li batteries and for new systems that could be based on M 2+ intercalation compounds.
Introduction
Layered manganese oxides are of interest as cathode materials for lithium batteries due to the potential for very high energy densities. In actuality, the electrochemical properties of these materials are very dependent upon the stacking arrangements, the nature and amount of any substituents, [1] and the presence or absence of vacancies in the transition metal layers [2, 3] . In this context, the family of manganese oxides having the general formula M 2 Mn 3 O 8 , where M is a +2 cation such as Co [4] , Mn, Cd [5] , Zn [6] , Cu [7] , or Ca [8] is of considerable interest. These structures are generally composed of infinite Mn 3 O 8 4- sheets between which the +2 ions are located. The 
Results and Discussion
Synthesis and Structure Figure 2 shows the calculated diffraction pattern for Ca 2 Mn 3 O 8 and that obtained for the powder prepared by sol-gel. The pattern was indexed assuming a space group of C2/m and the unit cell parameters listed in Table 1 ; these were essentially identical to those in a previous report [8] . The peaks are somewhat broad due to the small particle size; BET analysis indicated a surface area of 50-55 M 2 /g for this material. is presented in Figure 3 . The sharp reflections indicate that this material is highly crystalline. The calculated pattern is also shown, assuming the space group C2/m and the lattice parameters listed in or O3 symmetry ( Figure 4 and Table 1 ). Several weak reflections in the powder pattern can be assigned to Ca 2 Mn 3 O 8 , but the elemental analyses indicate that over 95% of the calcium was replaced by lithium. The reflections of the main compound are very broad, suggesting disorder and/or very small particle size. BET analysis gives a surface area of about 50-55 M 2 /g, similar to that of the parent compound. This suggests a loss of crystallinity, rather than particle breakdown, as the source for the peak broadening. The results of the elemental analysis and redox titration on the lithiated product, however, indicate that the reaction was more complex than a simple ion exchange. The
Li:Mn ratio is much lower than the predicted 4:3. The redox titration also indicates that Mn oxidation state is +3.75, not close to +4 as in the parent compound. These facts indicate that both Li (most likely in the form of Li 2 O) and oxygen was lost during processing. This is not too surprising, because the molten salt environment at elevated temperatures is extremely harsh; in fact, it is somewhat surprising that spinel conversion did not occur under these conditions. This structure is undoubtedly highly disordered; the 9 formula suggests that some Li may be located in Mn sites and vice versa. At any rate, the ordered vacancies depicted in Figure 1a are not likely to have been retained.
Additionally, the octahedral sites in the lithium layer are not fully occupied, as is the case with the O3 lithiated analogs to P3 sodium-containing layered manganese oxide phases [2, 3] .
It is interesting that the lithiated material is rhombohedral, consistent with an average oxidation state of Mn above +3.5. Below this value, the large number of Mn 3+ ions causes a cooperative Jahn-Teller distortion that reduces the symmetry of O3 layered compounds to monoclinic, as with LiMnO 2 prepared from α-NaMnO 2 [13] . In Ca These observations imply that there are severe kinetic limitations to the redox processes, and that the system is not close to equilibrium even when discharged or stepped potentiostatically at extremely low rates. Interestingly, shallow cycling is possible suggesting partial reversibility, although the charge curves do not have the same shapes as the discharge profiles (not shown).
An ex situ XRD experiment, in which two different Li/Ca 2 Mn 3 O 8 cells were discharged, allowed to rest, and taken apart at points A and B, respectively ( Figure 6a (Figure 9a and b The lithiated compound that is formed during the molten salt reaction with The capacity between 2.0 and 4.3V is only about 120 mAh/g (Figure 11 ). This is low in comparison to many other O3 layered manganese oxides [2, 3] , but is consistent with defects in the transition metal layers, which effectively prevent all of the lithium from being extracted during charge limiting the capacity upon subsequent discharge. As is typical of the O3 compounds, capacity near 4V develops upon cycling (inset in Figure   4 ), indicative of a slow phase conversion into spinel. The oxygen array in O3 and spinel structures is nearly the same, requiring only rearrangement of cations. This occurs readily if Mn 3+ ions and vacancies in the lithium layer co-exist during electrochemical cycling [15] . Li 4 Mn 3 O 8 is rather interesting, in that this situation does not occur, and, therefore, spinel conversion should not happen. Interestingly, it is first produced below the potential at which it is stable, so that it spontaneously reduces, leading to the observed inflections in some of the discharge profiles (e.g., in Figure 8a ). 
